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Lensless flexible fiber-bundle based endoscopes allow
imaging at depths beyond the reach of conventional mi-
croscopes with a minimal footprint. These multicore
fibers provide a simple solution for widefield fluores-
cent imaging when the target is adjacent to the fiber
facet. However, they suffer from a very limited work-
ing distance and out-of-focus background. Here, we
carefully study the dynamic speckle illumination pat-
terns generated by bending a commercial fiber-bundle,
and show that they can be exploited to allow extended
working distance and background rejection, using a
super-resolution fluctuations imaging (SOFI) analysis
of multiple frames, without the addition of any optical
elements.
http://dx.doi.org/10.1364/ao.XX.XXXXXX
Flexible optical micro-endoscopes are an important tool for
biomedical investigations and clinical diagnostics. They enable
imaging at depths where scattering prevents noninvasive micro-
scopic investigation. An ideal micro-endoscopic probe should be
flexible, allow real-time diffraction-limited imaging at various
working distances from its distal end, and maintain a minimal
cross sectional footprint. A robust, widely used, and commer-
cially available type of imaging endoscope is based on a lensless
fiber-bundle, which is a multicore fiber, constructed from thou-
sands of individual cores closely packed together. Each core
carries one image pixel information [1, 2].
The conventional setup for widefield lensless fluorescence en-
doscopy using a fiber-bundle is presented in Fig.1(a). The setup
is a simple widefield fluorescent microscope with the bundle’s
proximal facet at the image plane. Widefield imaging with a res-
olution limited by the cores spacing is achieved when the target
object is positioned immediately adjacent to the bundle distal
facet. However, the working distance is very limited, as farther
away objects are blurred as each fiber core collects light from a
relatively large numerical aperture (NA), of approximately 0.3
in most conventional fiber bundles. The effective point spread
function (PSF) width, w(z), thus, grows linearly with the NA,
and the distance from the facet, z : w(z) ≈ 2NA · z. This is a
drawback in many applications, such as neuroimaging, since
close contact with the fiber tip can induce tissue damage [3]. An
important goal is to enable wide-field high-resolution bundle-
based endoscopy with larger, and potentially variable working
distances.
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Fig. 1. (a) Setup. An expanded laser beam is coupled to a fiber-bundle
via dichroic mirror (DM) and illuminates a fluorescent target laying
at a distance from the fiber facet. Fluorescent light is collected by the
bundle and imaged on an sCMOS camera. The fiber is mounted on three
motorized stages, enabling controlled bending. Inset: simulated speckle
pattern (green) illuminating fluorescent targets (red) at the target plane.
(b-f) Super-resolved speckle-SOFI principle (numerical results): (b) the
targets at the object plane are illuminated by a series of speckle patterns.
The raw images as captured by the camera (c), and their average (d) do
not resolve the targets due to their distance from the bundle. High-order
cumulant analysis of the image series (e-f) enable improved resolution,
working-distance and background-rejection. Scale-bars (a-f): 10 µm.
Several solutions for lens-less bundle-based imaging with
variable working distances have been demonstrated in the last
couple of years. A simple solution for extending the work-
ing distance and depth of field (DOF) is to effectively limit the
NA by imaging only the fundamental mode of the bundle’s
cores[4]. Computational analysis of both the low- and high-
order modes enable three-dimensional (3D) reconstruction and
depth sectioning [5]. Another approach is to effectively convert
the bundle to a focusing lens using wavefront-shaping. This has
been demonstrated to allow 3D linear and multiphoton imaging
through various bundles and multimode fibers [6–14]. How-
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ever, wavefront-shaping is extremely sensitive to fiber bending,
as bend-induced changes in refractive index requires chang-
ing the wavefront corrections. Fiber designs that minimize the
bend-sensitivity have been recently reported [15]. Alternative,
speckle-correlation based approaches allow diffraction-limited
imaging at large distances from the fiber[16, 17]. However, cur-
rent works have been limited to fully developed speckles and
required a minimal target distance of more than a millimeter
from the fiber facet. Since scattering of biological tissue does not
allow imaging at millimeters depths, using these approaches
would require an additional spacer between the fiber and the
sample.
In this work, we demonstrate that bend-induced dynamic
refractive index variations, can be exploited for extending the
working distance and reduce the inherent background in wide-
field lensless fiber-bundles by generating dynamic speckle-
structured illumination. Speckle is observed when spatially
and temporally-coherent light is transmitted through a large
number of cores in conventional fiber-bundles [11, 16, 17], in an
analogue fashion to the speckle generated by light transmission
through a random phase-plate [18]. The source of speckle is
the differences in the optical paths between the bundle cores
due to manufacturing tolerances, and bending-induced refrac-
tive index variations [15]. In normal operating conditions, tem-
poral changes in fiber orientation and temperature, dynami-
cally change the relative phases between the cores and result
in temporally-varying speckle patterns. While speckle may
be considered a nuisance for imaging applications, several re-
cent works have shown that dynamic speckle illumination can
be used for background-rejection and super-resolution in mi-
croscopy [19–22], endoscopy [23] and ultrasound-mediated op-
tical imaging [20, 24–27]. In all of these works, the dynamic
speckle illumination is generated by the addition of a controlled
moving diffuser in the illumination path. Here, we show that the
naturally dynamic speckle patterns formed by dynamic bending
commercial fiber-bundles can be used to improve resolution,
working distance, and background-rejection, in a similar man-
ner to the use of diffuser-generated speckles, but without any
change to the conventional optical setup (Fig.1). Specifically,
we exploit bending-induced dynamic speckle illumination for
performing Super-resolution Optical Fluctuation Imaging (SOFI)
[22, 28] in a lensless micro-endoscope.
SOFI [28] is a technique that allows background rejection,
and super-resolution by statistically analyzing an image-series
of blinking fluorophores. To achieve super-resolution in SOFI,
the nth order statistical cumulant, Cn, of the recorded tempo-
ral intensity fluctuations is calculated per pixel. The nth order
cumulant image provides a
√
n times resolution increase with-
out deconvolution, and up to n-times resolution increase with
deconvolution [28].
For example, the second cumulant given by: C2 (r) =〈(
Ij (r)−
〈
Ij (r)
〉
j
)2〉
j
, where Ij is a single camera frame, is
simply the temporal-variance of each pixel over time, and pro-
vides a
√
2-fold resolution increase. Theoretically, SOFI can lead
to unlimited resolution improvement, however the number of
required frames, grows with the cumulant order.
SOFI requires temporal fluctuations in the emitted fluores-
cence that are spatially uncorrelated at scales smaller than the
PSF dimensions. Interestingly, spatially-uncorrelated fluores-
cence fluctuations are naturally attained by dynamic illumina-
tion of standard fluorophores with randomly fluctuating optical
speckles [22], forming the basis for ’speckle-SOFI’ (S-SOFI). In
S-SOFI, the target is illuminated by dynamic random speckle
patterns, making each diffraction-limited speckle-grain spatial-
position on the object to dynamically fluctuate in intensity, in a
fashion analogous to a blinking emitter. Each pattern illumina-
tion is captured as a single frame in an image series (Fig.1(c)). As
in conventional SOFI, an improved resolution image is obtained
in S-SOFI if the speckle diffraction-limited grain size, which is
the spatial correlation of the fluctuations, is smaller than the PSF
dimensions. Interestingly, this is exactly the case when consid-
ering commercial fiber bundles, as we show below. Fig.1(d-f)
displays sample numerical results for the gain in resolution of
the first three cumulant images, by analyzing 512 frames. In
addition to the condition of the small spatial-correlation of the
fluctuations, SOFI also requires the acquisition of a minimal
number of uncorrelated frames to calculate the n-th order cu-
mulant. Roughly, ∼ 100 realizations are required to correctly
estimate C2, and ∼ 1000 realizations are required for C3.
To verify the feasibility of S-SOFI by fiber bending, we first
quantitatively characterized the number of uncorrelated frames
and the speckle grain size generated by bending of a commercial
fiber bundle.
Fig.1(a) displays the experimental setup used for examining
the speckle patterns generated by the fiber and to demonstrate
fiber-bending based SOFI. A 532 nm laser beam (Standa-Q1-
SH) is expanded to a diameter of ≈ 200µm and coupled to a
fiber bundle (Schott P/N 1563385, pixel pitch 6.5µm) through a
dichroic-mirror (DM, Omega Optical 540DRSP), and illuminates
a target made from fluorescent beads (Spherotech, SPHERO FP-
6056-2). The proximal side of the fiber-bundle is imaged with a
4-f system composed of an objective (Olympus PLN 20X), and
a 75 mm focal lens (Thorlabs LB1901-A), onto a sCMOS camera
(Andor Zyla 4.2 P). The fluorescence is spectrally filtered with
band-pass and long-pass filters. (Thorlabs FEL0550 + FB600-40+
Semrock BrightLine FF01-576/10-25). Dynamic speckle patterns
are created in a controlled fashion by moving the fiber at three
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Fig. 2. Study of dynamic speckle patterns generated by fiber bundle
bending. (a-c) raw speckle patterns measured at distances of 0,30,120
µm respectively from the facet. (d-f) Cross-correlation matrices of 1024
speckle patterns for each distance. (g): zoom-in on the diagonal of (f).
(h) The number of uncorrelated speckle realizations (correlation < 0.25)
created by fiber-bundle bending for each distance, z. For z >∼ 50µm a
few hundreds independent realizations allow the use of SOFI analysis.
Scale bars (a-c) 15 µm.
points using three motorized stages with a travel of 25mm (Thor-
labs Z825B). To characterize the speckle patterns, an additional
camera was positioned at the distal side of bundle (not shown
in Fig.1), and the fluorescent targets were removed.
The results of the study of the number of uncorrelated speckle
patterns, calculated by cross-correlating the different captured
frames, are presented in Fig.2. Fig.2. (a-c) are sample raw cap-
tured speckle patterns at distances of 0,30,120 µm from the fiber
facet. Fig.2(d-f) are the corresponding correlation matrices, cal-
culated for 1024 different fiber bending configurations. Each
element in the correlation matrix represents the correlation of
two speckle patterns created by fiber bending. As expected,
adjacent to the bundle facet, the illumination from the different
cores do not overlap, no speckles are formed, and the patterns
are highly correlated Fig.2. (a,d). As an estimate to the number
of uncorrelated speckle patterns at each distance from the facet,
we count the number of speckle patterns that have a correlation
lower than 0.25 (a threshold chosen arbitrarily).
Fig.2.(h) summarizes the number of available independent
speckle realizations as a function of the distance from the fiber
facet. Our measurements show that a few hundred uncorrelated
realizations are already available at distances above 50 µm.
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Fig. 3. Experimentally measured speckle grain size (green dots), and
effective PSF diameter (red squares) as a function of distance form the
bundle facet. Insets: images of the measured PSFs (red) super-imposed
on the measured speckle patterns (green) at distances, z, of 0, 60 , 110 µm.
For z >∼ 10µm the speckle grain size is smaller than the PSF, allowing
super-resolved imaging via SOFI. Scale bars 15 µm. .
The captured speckle patterns were also used to characterize
the speckle grain size and compare it to the effective PSF of the
bundle, at each distance. The speckle grain size was taken as
the full width half max (FWHM) of the autocorrelation of each
speckle intensity image. The fiber-bundle PSF was measured
by placing a virtual ’point source’ realized by tight focusing
of a 638nm laser beam using a 0.65NA objective. At distances
of z < Dbundle/NA. (all the ranges in our experiment) where
Dbundle is the diameter of the illumination on the bundle and
NA is the bundle’s NA , the speckle grain size, δx, is expected to
be diffraction-limited and constant: δx = λ/NA, where λ is the
illumination wavelength [16], while the PSF size should grow
linearly with z. Our experimental results of Fig.3 validate both
expected results, and show that the speckles are considerably
smaller than the PSF for all relevant ranges, as required for SOFI.
After confirming that the speckle patterns generated by fiber-
bundle bending meet the requirements for S-SOFI we turned to
demonstrate resolution gain and background rejection in imag-
ing experiments, using the setup of Fig.1(a). As a first test,
a simple target composed of two 6.5 µm-diameter fluorescent
beads was positioned at different distances from the fiber facet.
For each distance, images using 100 speckle realizations were
captured. In addition, the background auto-fluorescence of the
fiber, without fluorescent beads, was independently measured
and subtracted from the C1 image, to properly compare the
background-reduction of the speckle-based SOFI. Prior to the
cumulant analysis the raw images, which are pixelated by the
bundle cores, were Fourier interpolated.
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Fig. 4. Imaging two 6.5 µm-diameter fluorescent beads at various dis-
tances from the bundle facet, using 100 speckle realizations for each
range. (a-c) C1 images at ranges 80, 95 , 105 µm respectively. (d-f), same
as (a-c) for C2. (g) Mean cross-sections of C1 (blue) and
√
C2 (brown)
taken from (c) and (f), respectively. Black squares and dashed lines are
simulation results of the ideal case, showing the expected
√
2 increase in
resolution. (h-i) Cross-sections of C1 and
√
C2 for ranges 80-115 µm. The√
C2 image better resolves the targets and extend the working distance
by 10 µm for this target. Scale bars (a-f, h-i) 15 µm.
Fig.4(a-c) and (d-f) show the C1 and C2 images of the target
at different distances. The C2 image better resolves the beads in
all distances. Fig.4(g) compares the cross-section of the C1 and√
C2 images when the target is at z = 105µm to a simulation of
the ideal case of SOFI with a Gaussian PSF, showing an excellent
agreement with the theory, and confirming the expected
√
2 gain
in resolution. Fig.4(h-i) compares the cross-sections of C1 and√
C2 for distances of 80-115 µm. The
√
C2 images better resolves
the beads at all distances, extending for this target the working
distance without deconvolution by 10 µm.
Fig.5 presents the results of imaging a more complex sample
with a significantly lower signal-to-background ratio, placed
at a distance of 110µm from the fiber facet, using 100 speckle
realizations. Fig.5.(b,c) present the C1 and C2 images, respec-
tively, and shows that in addition to the gain in resolution, the
inherent background reduction of SOFI is much better then the
manual background subtraction performed for the C1 image.
Richardson–Lucy deconvolution of the C1 and C2 image, using
a Gaussian fit of the PSF measured in Fig3, are shown in Fig.5.(d-
e). As expected, the deconvolved images show an improved
resolution, and the C2 deconvolved image shows a very good
agreement with the target structure, measured by placing the
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Fig. 5. Background reduction and deconvolution of a more complex
target, placed 110 µm from the fiber-facet. (a) Image of the target when
placed adjacent to the fiber facet. (b) C1 image after manual background
subtraction. (c) C2 image of the raw data using 100 speckle realizations,
showing effective background reduction and improved resolution. (d-e)
Deconvolved images of (b-c), showing improved resolution, particularly
for the C2 image. (f,g) C2 images calculated using only 10 and 50 speckle
patterns respectively, demonstrating efficient background reduction and
image fidelity at shorter time-scales. Scale-bars (a-f, h-i) 30 µm.
target adjacent to the fiber facet (Fig.5(a)). Fig.5(f,g) display C2
images calculated using only 10 and 50 realizations respectively,
demonstrating that the background reduction, and some res-
olution gain, can be achieved with a rather small number of
realizations, an important point for imaging speed.
To conclude, we have studied the varying speckle patterns
that are generated by dynamic bending of a commercial imaging
fiber-bundle. The results of Fig.4 and Fig.5 show use of these
speckle patterns can improve the resolution and working dis-
tance in a widefield lensless fluorescence micro-endoscope. The
major difference from conventional diffuser-based speckle gen-
eration [23] is that the speckle patterns are varying only from
a minimal distance of approximately 50µm from the facet (Fig.
2(h)). Thus, the applications in lens-based fibers are not direct.
In order to best utilize the dynamic speckle illumination, a
high contrast speckle should be generated. This requires the
use of a sufficiently narrowband laser illumination, i.e. with a
sufficiently long coherence length. Previous investigations show
that for 30cm long fibers, the spectral bandwidth should be lower
than ∼ 0.1− 0.5nm depending on the fiber model [16]. In our
experiments, a narrowband pulsed laser was used. While its
spectral bandwidth was sufficiently narrow to produce speckles
with a contrast of ∼ 0.7 its high peak-power required the use
of lower average power to minimize fluorescent saturation and
bleaching. This limited resulted in relatively long exposure times
of ∼1 sec to provide high signal-to-noise fluorescent images
required for our study. A continuous-wave (cw) laser would
enable the orders of magnitude improvement in imaging speed,
required for practical applications.
Future interesting directions may include the combination
our method with the recent approach of [4], by separately an-
alyzing the fluctuations in the fundamental and higher-order
modes, exploiting the benefits of both approaches. In addi-
tion, compressed-sensing reconstruction or blind structured-
illumination-microscopy (SIM) [20] reconstructions should
also improve imaging fidelity, and reduce the number of
realizations[26]. Coherent imaging of reflective objects with
dynamic speckle illumination is also an interesting path [29].
Finally, the dynamic speckle inherently induced by bending
multicore fibers, may have additional non-imaging applications,
for example in fiber-based sensing.
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